Introduction
In view of limited resources for raw materials and energy, energy-storage systems have moved into the center of interest, batteries certainly being the most prominent ones. Among the most promising element combinations for the next generation of batteries is lithium/sulfur. Due to the insulating nature of sulfur, the cathode of Li/S batteries must contain an additional conducting additive, e.g., carbon black, in combination with a binder and a non-aqueous electrolyte, e.g., carbonates or ethers, to ensure for a complete contacting of sulfur. Starting from elemental sulfur, i.e. from S 8 , the electrochemical reduction cascade finally leads to poly(sulfide)s, S x 2-, which are soluble in the chosen electrolyte for at least x≤3. Consequently, diffusion of active cathode material, i.e. of poly(sulfide)s to the anode occurs, resulting in the formation of Li 2 S at the lithium surface and a sometimes dramatic loss in capacity. One concept for poly(sulfide) retention is to embed sulfur inside a cyclized poly(acrylnitile) (PAN) structure by heating PAN and elemental sulfur to >300°C. 1 In course of this procedure, the sulfur dehydrogenates PAN, which forms cyclic structures with a conjugated π-system. Nevertheless, the main question how the sulfur is embedded into the cyclic PAN-derived network has not been answered satisfactorily.
Experimental
Sulfur/PAN composites (SPAN) were synthesized at 330°C by heating elemental sulfur and PAN. For analytical comparison cyclized PAN (cPAN) was synthesized by heating PAN for 1h to 250°C under air, and then mixed with elemental sulfur to get a sulfurized cPAN (ScPAN) in the next step. All sulfur-containing products were washed with toluene after synthesis. The novel materials were subjected to RAMAN, IR, XPS, ToF-SIMS, XRD and electrochemical measurements.
Results
Two different PAN/sulfur composites, i.e. SPAN and ScPAN have been synthesized using a one and a two-step synthetic approach, respectively. In all composites, any remaining elemental sulfur was removed via extraction with toluene. TOF-SIMS, XPS and FT-IR experiments strongly suggest that in all composites the sulfur is exclusively covalently bound to carbon and not to nitrogen. Moreover, N-C-S-fragments, most probably resulting from 2-pyridylthiolates as well as S x (x≥2) and thioamide fragments, have been identified by TOF-SIMS. A structure for the composite has been presented that explains for all analytical data as well as for the entire electrochemistry observed. A sulfur balance carefully established during discharge strongly suggests that the polymer backbone, which most probably consists of a conjugated π-system, significantly contributes to the initially measured capacity.
Conclusion
The structure of sulfur-poly(acrylonitrile)-based Li-sulfur batteries was elucidated and correlated with the electrochemical performance of such devices. Apart from the poly(acrylonitrile)-derived backbone, thioamide as well as poly(sulfide) structures are proposed. Furthermore, the discharge behavior was studied by a sulfur-balance. In summary, a comprehensive picture of the chemistry and electrochemistry of Li-sulfur batteries is presented.
